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QCD and Spectroscopy

• Features of QCD

• six flavors of quarks with various masses

• strongly interacting quarks and gluons

• asymptotic freedom

• confinement

• Observations about hadrons in nature

• spectrum dominated by colorless “quark 
model” states

• gluonic degrees of freedom suppressed or 
difficult to observe

• structure and spectrum of hadrons 
containing light quarks exhibit complexity 
(and simplicity)
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QCD and Spectroscopy
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(↑exciting stuff up here↑)
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Meson Quantum Numbers
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q
q

J = L + S   P = (-1)L+1    C = (-1)L+S

color singlet 
quark anti-quark

Allowed JPC:  0-+, 0++, 1- -, 1+-, 2++, …
Forbidden JPC:   0- -, 0+-, 1-+, 2+-, …
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Light Quark Mesons from Lattice QCD
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C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

TOWARD THE EXCITED ISOSCALAR MESON SPECTRUM . . . PHYSICAL REVIEW D 88, 094505 (2013)

094505-11
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Dudek, Edwards, Guo,  and Thomas, PRD 88, 094505 (2013)
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A Model for Hybrids
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q
q

J = L + S   P = (-1)L+1    C = (-1)L+S

color singlet 
quark anti-quark

Allowed JPC:  0-+, 0++, 1- -, 1+-, 2++, …
Forbidden JPC:   0- -, 0+-, 1-+, 2+-, …

q

q

g

(JPC)g = 1+-

color-octet 
qq pair

Lightest Hybrids

Sqq = 0Sqq = 1

JPC: 0-+, 1-+, 2-+ 1- -

mass ≈ 1.0-1.5 GeV

gluonic component:

“exotic hybrid”
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Hybrids, Tetraquarks, and Pentaquarks (…oh my)

• QCD seems to permit a particle zoo — nature prefers just a few 
species.  

• if true, why?

• An interesting history of hybrid searches

• reports:  VES, E852, Crystal Barrel, COMPASS, … 

• no clear spectrum of states

• GlueX is unique:  intensity and production mechanism

• An interesting contemporary landscape

• strong evidence for new types of mesons in heavy quark systems

• clear tetraquark and pentaquark candidates; perhaps hybrids with 
conventional quantum numbers

• GlueX is complementary:  exploration of light quarks

8



The context for the 
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Spectroscopy:  Everybody’s Doin’ It
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Global Context

• Exciting results in the heavy quark sector:

• pentaquark candidates

• tetraquark candidates

• Exciting results in the light quark sector:

• potential exotic hybrid mesons

• An overarching theme:

• need to confront state of the art experimental results with 
state of the art experimental interpretation

• limited by the systematic uncertainties in our understanding of 
the underlying physics rather than our understanding of the 
detector or the statistical precision of the data

11



M. R. Shepherd 
Bound States in QCD and Beyond 

February 21, 2017

Baryon Spectroscopy with Charmonium
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c

, irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�
p invariant mass m

Kp

as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P

+
c

state, and when that was not su�cient we included a second state. The
two P

+
c

states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity J

P values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) m
Kp

and (b) m
J/ p

for the reduced ⇤

⇤ model with two P

+
c

states
(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(4380)+ state. Each ⇤

⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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Figure 9: Fitted values of the real and imaginary parts of the amplitudes for the baseline (3/2�,
5/2+) fit for a) the P

c

(4450)+ state and b) the P

c

(4380)+ state, each divided into six m

J/ p

bins
of equal width between ��0 and +�0 shown in the Argand diagrams as connected points with
error bars (m

J/ p

increases counterclockwise). The solid (red) curves are the predictions from
the Breit-Wigner formula for the same mass ranges with M0 (�0) of 4450 (39) MeV and 4380
(205) MeV, respectively, with the phases and magnitudes at the resonance masses set to the
average values between the two points around M0. The phase convention sets B0, 12

= (1, 0) for

⇤(1520). Systematic uncertainties are not included.

These structures cannot be accounted for by reflections from J/ ⇤

⇤ resonances or other
known sources. Interpreted as resonant states they must have minimal quark content of
ccuud, and would therefore be called charmonium-pentaquark states. The lighter state
P

c

(4380)+ has a mass of 4380± 8± 29 MeV and a width of 205± 18± 86 MeV, while the
heavier state P

c

(4450)+ has a mass of 4449.8± 1.7± 2.5 MeV and a width of 39± 5± 19
MeV. A model-independent representation of the P

c

(4450)+ contribution in the fit shows
a phase change in amplitude consistent with that of a resonance. The parities of the two
states are opposite with the preferred spins being 3/2 for one state and 5/2 for the other.
The higher mass state has a fit fraction of (4.1± 0.5± 1.1)%, and the lower mass state of
(8.4± 0.7± 4.2)%, of the total ⇤0

b

! J/ K

�
p sample.
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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
The BESIII collaboration thanks the staff of BEPCII and

the computing center for their hard efforts. This work is
supported in part by the Ministry of Science and
Technology of China under Contract No. 2009CB825200;
National Natural Science Foundation of China (NSFC)
under Contracts No. 10625524, No. 10821063,
No. 10825524, No. 10835001, No. 10935007,
No. 11125525, and No. 11235011; Joint Funds of the
National Natural Science Foundation of China under
Contracts No. 11079008, and No. 11179007; the Chinese
Academy of Sciences (CAS)Large-Scale Scientific Facility
Program; CAS under Contracts No. KJCX2-YW-N29, and
No. KJCX2-YW-N45; 100 Talents Program of CAS;
German Research Foundation DFG under Contract
No. Collaborative Research Center CRC-1044; Istituto
Nazionale di Fisica Nucleare, Italy; Ministry of
Development of Turkey under Contract No. DPT2006K-
120470; U. S. Department of Energy under Contracts
No. DE-FG02-04ER41291, No. DE-FG02-05ER41374,
and No. DE-FG02-94ER40823; U.S. National Science
Foundation; University of Groningen (RuG) and the
Helmholtzzentrum fuer Schwerionenforschung GmbH
(GSI), Darmstadt; National Research Foundation of Korea
Grant No. 2011-0029457 and WCU Grant No. R32-10155.

*Also at the Moscow Institute of Physics and Technology,
Moscow 141700, Russia.
†On leave from the Bogolyubov Institute for Theoretical
Physics, Kiev 03680, Ukraine.
‡Also at University of Texas at Dallas, Richardson, Texas
75083, USA.
§Also at the PNPI, Gatchina 188300, Russia.
∥Present address: Nagoya University, Nagoya 464-8601,
Japan.

[1] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
95, 142001 (2005).

[2] Q. He et al. (CLEO Collaboration), Phys. Rev. D 74,
091104(R) (2006).

[3] C. Z. Yuan et al. (Belle Collaboration), Phys. Rev. Lett. 99,
182004 (2007).

[4] T. E. Coan et al. (CLEO Collaboration), Phys. Rev. Lett.
96, 162003 (2006).

[5] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 86,
051102(R) (2012).

[6] T. Barnes, S. Godfrey, and E. S. Swanson, Phys. Rev. D 72,
054026 (2005).

[7] X. H. Mo, G. Li, C. Z. Yuan, K. L. He, H.M. Hu, J. H.
Hu, P. Wang, and Z.Y. Wang, Phys. Lett. B 640, 182
(2006).

[8] D. Cronin-Hennessy et al. (CLEO Collaboration), Phys.
Rev. D 80, 072001 (2009).

[9] G. Pakhlova et al. (Belle Collaboration), Phys. Rev. Lett.
98, 092001 (2007).

)2) (GeV/cJ/±π(maxM
3.7 3.8 3.9 4.0

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

0

20

40

60

80

100

)2) (GeV/cψ±(max

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

)2±(max

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

Data

Total fit

Background fit

PHSP MC

Sideband

FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.

PRL 110, 252001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
21 JUNE 2013

252001-6

BESIII Collaboration, PRL 110, 252001 (2013) BESIII Collaboration, PRL 112, 022001 (2013)

Tetraquark Candidates

e+e� ! ⇡⌥Z±
c

Z±
c ! (D0D⇤)±Z±

c ! ⇡±J/ 



M. R. Shepherd 
Bound States in QCD and Beyond 

February 21, 2017

Light Mesons in Pion Production

14

306 COMPASS Collaboration / Physics Letters B 740 (2015) 303–311

Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ

LM(τ ),

I(τ ) =
∑

ϵ

∣∣∣∣
∑

L,M

Aϵ
LMψϵ

LM(τ )

∣∣∣∣
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aϵ
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
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The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.
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∣∣∣∣
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LMψϵ
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∣∣∣∣
2

+ non-η(′) background. (1)
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N̄ ∝
∫

I(τ )a(τ )dτ , (2)
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nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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GlueX + JPAC

• High statistical precision allows and requires 
removing simplifying assumptions in analysis

• more robust theoretical models (“wetware”)

• more capable analysis frameworks 
(“software”)

• JPAC:  Joint Physics Analysis Center

• joint theory initiative led by Indiana 
University and Jefferson Lab

• emphasis on phenomenology:  how to 
interpret experimental data

• a global network

• Direct collaboration:  theorists and 
experimentalists working together on the 
analysis and interpretation of data

• joint theory/experiment summer schools
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JPAC People

• Faculty: M.Doering (GWU), G.Fox (IU), 
J.T.Londergan (IU),I.Mokeev (JLab), 
M.Pennington (JLab), E.Passemar (IU), 
A.Szczepaniak (IU/JLab), R.Workman (GWU) 

• Postdocs:  

• (past) L.Dai (Bonn), I.Danilkin (Mainz), P.Guo (Cal. State U.),                             
C.Fernandez-Ramires (UNAM), D.Schott (Med. Coll. of Wis.)  

• (current) V.Mathieu (IU), I.Lorentz (IU), A.Pilloni, (JLab)                                                 
V.Pauk (JLab), D.Ronchen (Bonn U.)

• Students:  

• (past) M.Shi (Pekin U.)  

• (current) E.Alexeev (IU), A.Blin 
(Valencia), B. Hu (GWU), A.Jackura 
(IU), M.Mikhasenko (Bonn), J.Nis (U. 
Gent)
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GlueX in Hall D at 12 GeV JLab

• GlueX + Hall D beamline features:

• beam species:  polarized photon; peak polarization 
at 9 GeV (assuming 12 GeV electron beam)

• high intensity:  200 kHz hadronic interaction rate 
around 9 GeV 

• energy optimized for production of mesons with 
masses up to 3 GeV 
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Hall D Experimental Complex
April 2012
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The Hall D Photon Beamline

22
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Figure 22: PARA setting at Eγ = 8.65 GeV.
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Figure 23: PERP setting at Eγ = 8.65 GeV.
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Figure 24: PARA setting at Eγ = 8.75 GeV.
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Figure 25: PERP setting at Eγ = 8.75 GeV.
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Figure 26: PARA setting at Eγ = 8.85 GeV.
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Figure 27: PERP setting at Eγ = 8.85 GeV.
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GlueX Detector with
Prof. Curtis Meyer
GlueX Spokesperson
October 2014
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Light Quark Mesons from Lattice QCD

26

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that

500

1000

1500

2000

2500

3000

FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

TOWARD THE EXCITED ISOSCALAR MESON SPECTRUM . . . PHYSICAL REVIEW D 88, 094505 (2013)

094505-11

negative parity positive parity exotic

Dudek, Edwards, Guo,  and Thomas, PRD 88, 094505 (2013)

lightest
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γp→J/ψp;  J/ψ→e+e-
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Charged particles pairs are due to e

+
e

� and predominantly ⇡+⇡�.
Electron identification using E(cal)/p reduces backgrounds by a factor of ⇠ 104.
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• Cross section vs. energy at threshold sensitive 
to production mechanism and nucleon 
structure

• Almost no data exist on production at 
threshold (Eγ = 8.2 GeV)

• Electron ID using E/p from tracking and 
calorimetry

• Suppression of background by four orders 
of magnitude
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GlueX Intensity

• First results use a subset of 
spring 2016 data:

• 82 hours beam time:   
≈7 days at 50% efficiency

• 10x more this year

• 100x more in the next few 
years

• Typical stats:

• 30 kHz event recording rate

• 750 MB/s off the detector

• 1 PB data to disk last year
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FIG. 1. The vr +m invariant mass distribution
corrected for all losses. The solid curve is the prediction
of the Soding model with only the p(770) resonance.
The dashed curve shows the effect of adding a second
resonance of mass 1.55 GeVe and width 0.28 GeV/e .

cept those in a narrow forward region dominated by
e+e conversions) triggered the recording of

hadronic interactions. A kinematic fit with three
constraints was used to select the yp m+m p
events. Backgrounds were studied and found to be
negligible after rejection of the events (1.4%) which
had a better fit to yp m+m m p, K+K p, or
ppp. The data were corrected for experimental
detection and selection losses as a function of the
production and decay variables of the m+m sys-
tem. An important feature of the experiment is
that it has good acceptance for all decay angles of
m+ m pairs with masses between 0.4 and 2.5
GeV/c2.
The final data sample consists of 20908

yp 7r+m p interactions. This represents a cross
section of 11.1+0.9 p, b. A small, well-isolated sig-
nal of 5(1232) production was observed and re-
moved by rejecting 133 events with m + & 1.4P7T
GeV/c2 The m+m mass distribution of the
remaining events, presented in Fig. 1, shows that
this channel is dominated by p(770) production.
The experimental mass resolution varies from 0.008
to 0.013 GeV/c standard deviation for m+m
masses between that of the p and 2.0 GeV/c . This
is much smaller than the natural widths of the reso-
nances studied in this experiment. We will briefly
discuss the production and decay characteristics of
the p(770) and then show that a second resonance
at a 7r+7r mass of 1.55 GeV/c is required to
describe the data.
The cross section for the reaction yp pp is

known to vary slowly with center-of-mass energy

752

I.O 2.0
rn „(GeV/c')

3.0

FIG. 2. Variation of the four-momentum slope param-
eter, b, with m-+m mass. The curves are Soding model
predictions with one (solid curve) and two (dashed
curve) resonances as described in the text.

and rapidly with the square of the four-momentum
transferred (t' = t —t;„)from the photon to the p.
The variation with m+ m mass of the slope param-
eter, b, from fits of the form Ae ' to the experi-
mental distribution drr/dt', is shown in Fig. 2. We
will return to a discussion of the dependence of b
on the m-+sr mass, but note here that the slope is
7.5 + 0.2 (GeV/c) 2 at the p mass peak. This
value is typical of elastic processes, and suggests
that the p is produced by the diffractive, vector-
meson dominance mechanism shown in Fig. 3(a).

/7T
/

7T

/7T
/

FIG. 3. (a) Diffractive production of the p(770). (b)
Nonresonant ~+m production via a Drell amplitude as
suggested by Soding. (c),(d) Diffractive p' production
amplitudes.

K. Abe et al., PRL 53, 751 (1984)

SLAC Hybrid Facility Photon Collaboration
20 GeV Polarized γ  
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Analysis Strategy
• Validate the capabilities and properties of detector with single particle 

production

• benchmark cross sections

• known branching ratios

• Initial physics results likely to be:

• beam asymmetries

• polarization transfer

• bump hunting in mass spectra

• searches for beyond standard model physics

• On the path to a core program of:

• amplitude analysis of multi-particle final states:  hybrid searches

• precision cross section measurements

29
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Single Pseudoscalar Production Asymmetry

30

π0, ηγ

p p

t

Exchange JPC

Gordon Conference Justin Stevens, 18

Early                   physics: ɣp→π0p

Mathieu et al. PRD 92, 074013

1�� : !, ⇢

1+� : b, h

Exchange JPC

t

• Angle between polarization plane 
and reaction plane is sensitive to 
parity of exchange 
 
 

• Detector systematics removed by 
rotating polarization plane by 90 
degrees and computing 
asymmetry

• Asymmetry Σ has a t dependence

• Constrains t-channel 
backgrounds for s-channel baryon 
resonance production

Collaboration Meeting 10.6.16 Justin Stevens,

Beam asymmetry: method
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• Continuum background between π0 and η is negligible.
• The largest background is ɣp→ωp, ω→π0ɣ with a missing photon. To 

get the background shape, we simulated this reaction then 
normalized to the ω leakage peak.

• Our exclusive measurements and cuts ensure very low backgrounds: 
for the eta the dilution is only 0.38%, while for the π0 it is negligible.
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Asymmetry Measurement
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Extracting Σ
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• Correlated uncertainty due to 
polarization:  < 5%

• GlueX π0 production asymmetry

• more precise than SLAC

• no dip around t = 0.5 (GeV/c)2

• First measurements of η 
production asymmetry

• A test of high energy t-channel 
production models

• Similar production mechanism 
expected for exotics

GlueX Collaboration, arXiv:1701.08123 (subm. to PRL)
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Summary

• Use spectroscopy to understand the degrees of freedom present when 
hadrons are constructed in QCD

• how are these linked to interactions in the QCD Lagrangian?

• The last ten years have been very exciting

• candidates for hybrids, pentaquarks, tetraquarks

• most activity in the heavy quark sector

• GlueX is well positioned to carry this momentum into the future

• unique opportunity to study of the light quark spectrum in 
photoproduction

• data are being collected and a program of analysis has begun

• first results submitted for publication
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